Finding the global energy minimum region of a polypeptide chain, independently of the starting conformation and in a reasonable computational time, is of fundamental interest. As the energy landscape of proteins is very rugged, sampling is hindered by the vast number of minima existing on this multidimensional landscape. In this study, we use activation-relaxation technique ͑ART͒ to explore the energy landscape of a series of peptide models with 14, 26, and 28 amino acids. Peptides are modeled by a reduced off-lattice representation and a simplified OPEP-like ͑optimized potential for efficient peptide-structure prediction͒ energy model. ART defines moves directly in the energy landscape and can generate with equal efficiency events with root-mean-square deviation as small as 0.1 or as large as 4 Å. Our results show that ͑i͒ ART trajectories are reversible and provide real activated paths; ͑ii͒ ART simulations converge to the same low-energy minimum region, for a wide range of starting configurations; ͑iii͒ ART method can sample the phase space effectively, going through many hyper-basins, and can generate significant moves in a single event. Possible applications of ART method to biomolecules are discussed.
I. INTRODUCTION
Understanding the structural and dynamical properties of a protein is an essential step for identifying its function and a great deal of efforts have gone in this direction over the last 30 years. In spite of considerable progress regarding interaction potentials, search algorithms and sheer computer power, this problem remains essentially unsolved. It is possible, however, to provide partial answers to this problem on a number of fronts.
The dynamics of a protein can be described as a walk on a high-dimensional free energy surface, where the free energy bath is provided by the surrounding solvent. In this language, the free energy landscape is a hypersurface function of all the degrees of freedom of the system. Although abstract, this concept serves to unify dynamics and structure and provides a simplifying picture of the protein isolated from its surrounding; full knowledge of the free energy landscape would give a complete solution of the protein folding problem. Such knowledge cannot be obtained directly without weighted histogram techniques except for very small peptides. 1, 2 On the other hand, a qualitative picture can clarify certain properties of proteins. For example, experiments have shown that the energy landscape of proteins is arranged in a hierarchy of conformational substates. 3, 4 Many methods have been used to study the free energy landscape in a continuous space. [5] [6] [7] [8] A standard approach is to sample thermodynamically the full landscape using realspace Monte Carlo ͑MC͒ or molecular dynamics ͑MD͒ simulations in implicit water. This approach is very time consuming, especially for the rugged energy landscapes of proteins. 6 Over the years, many MC and MD variants were proposed to enhance the conformation space sampling but even with them, the task requires access to large computing facilities. 5, 7 MD simulations in implicit water using the generalized Born model concept accelerate peptide folding by several orders of magnitude, but the applicability of such energy model to discriminate native forms from non-native forms has not been demonstrated yet. 8 In the context of transition state theory, it is possible to use a much simplified discrete picture comprised of the set of all local free energy minima connected by paths going through first-order saddle points. Although the number of minima and saddle points scales rapidly with the number of degrees of freedom, this represents a considerable reduction in the complexity of the problem. In the last few years, a number of approaches have been proposed, exploiting this idea to explore the energy landscape of a number of systems. 9, 10 The activation-relaxation technique ͑ART͒, for example, which was developed to determine activated mechanisms in systems with thousands of degrees of freedom, has been applied successfully to a number of materials, including amorphous semiconductors, [11] [12] [13] [14] [15] Lennard-Jones clusters, 16 and silica glasses, 17 identifying a wealth of relaxation and diffusion mechanisms in these complex materials.
Expanding on a proof of concept 18 we show that ART is a useful tool for sampling the conformational space of small proteins described by an all-atom potential with implicit sol-vent representation. 19, 20 The organization of this paper is as follows. In Sec. II, ART and the protein model are briefly reviewed. In Sec. III, we present a detailed characterization of the sampling for three proteins with 14, 16, and 28 residues. We show that successive activated moves, deviating by a root mean square deviation ͑rmsd͒ of 0.1-4 Å from each other, allow one to hop between different conformations, and eventually to find lowest-energy structures. In this paper, the rmsd is always measured between two consecutive conformations except when mentioned otherwise. Section IV summarizes our results and possible applications of ART to biological problems.
II. METHOD AND PROTEIN MODEL

A. Activation-relaxation technique
ART is a generic method to explore the landscape of continuous energy functions through a series of activated steps. The algorithm has evolved considerably over the years and here we apply its most recent version, ART nouveau, 16, 18 which uses a recursion method, the Lanczós algorithm, 21 to extract the direction of lowest curvature of the landscape leading to a first-order saddle point. Such an approach provides an efficient way to extract a limited spectrum of eigenvectors and eigenvalues without requiring the evaluation and diagonalization of the full Hessian matrix. A similar approach was also introduced in Ref. 22 .
ART events are defined directly in the space of configurations, which allows for moves of any complexity. A basic event consists of three steps.
͑1͒
Starting from a local minimum, a configuration is first pushed outside the harmonic well until a negative eigenvalue appears in the Hessian matrix. ͑2͒ The configuration is then pushed along the eigenvector associated with the negative eigenvalue until the total force is close to zero, indicating a saddle point. The first two steps constitute the activation phase. ͑3͒ The configuration is pushed slightly over the saddle point and is relaxed to a new local minimum, using standard minimization technique.
Leaving the harmonic well
The local minimum contains no information as to the nature or the position of the surrounding saddle points. As discussed in Ref. 11 , for generic systems all minimumenergy paths from the saddle points enter the harmonic well parallel to its softest direction. Although following eigenvectors from the local minimum can lead to relevant events in small systems, this approach misses a large number of important activated mechanisms in high-dimensional problems. 16 In ART, the configuration is pushed away from the initial minimum in a randomly chosen direction. This direction is followed until a negative eigenvalue appears. At each step along this trajectory, its total energy is minimized in the perpendicular hyperplane. This ensures the total energy and forces remain under control as the configuration leaves the harmonic well. In a study of Lennard-Jones clusters, we showed that no class of event is missed by ART; this suggests that all saddle points around a given minimum could be found given a long enough simulation. 16 As the configuration is moved away from the local minimum, the lowest eigenvalue of the local Hessian is evaluated. Since we only require the lowest eigenvalue and eigenvector, there is no need to compute and diagonalize the full Hessian matrix. Using the Lanczós method, 21 the lowest eigenvalue and eigenvector can be computed to a very good accuracy with only 10 to 20 force evaluations.
In the case of proteins, we use our knowledge of the dynamics to select a more relevant initial random vector. Stiff degrees of freedom, associated with bond stretching and bond angle bending, are unlikely to deform during a typical activated event. Rather, most of the variation in structure and relative energy results from the complex interplay between the torsional and nonbonded contributions. We therefore project the initial random displacement onto the subspace of the soft directions, ensuring a better control of the event.
Converging to the saddle point
Once the lowest eigenvalue falls below a preset threshold, the configuration is moved upward along the eigendirection corresponding to this eigenvalue, while the energy is minimized in the 3NϪ1 dimensional perpendicular hyperplane, until the total force becomes near zero, indicating the presence of a saddle point. These two criteria, a zero total force and a negative eigenvalue, are sufficient to guarantee the convergence to a first-order saddle point.
In some cases, the lowest eigenvalue turns positive during the iteration procedure, indicating a shoulder or some other nontopological structure on the landscape. When this happens, the iteration is stopped and a new event is started from the initial minimum.
Relaxing to the new minimum
After converging to a saddle point, the configuration can be brought to either of the two minima connected by this point using an energy minimization routine. In order to go to the next minimum, we push the configuration slightly over the saddle point before starting the relaxation. Any standard minimization routine can be chosen for this step. We typically use a damped molecular dynamics ͑damped-MD͒ method: standard MD steps are followed as long as the force and velocity are parallel. As soon as the dot product of these two quantities becomes negative, the velocity is set to zero and the MD starts again, until the total force falls below a given threshold ͑0.02 kcal/mol Å͒.
After an event is successfully generated, it is accepted using the METROPOLIS accept/reject criterion based on some function of the energy difference between the final and initial configurations. 23 Most simulations are run at a METROPOLIS temperature of 600 K. This temperature does not correspond to a real thermal bath since the configuration is moved from one local minimum to another and the entropic contributions associated with thermal fluctuations are neglected. The effective temperature is therefore significantly lower than this number, as discussed in Ref. 24 . Moreover, ART does not obey detailed balance and does not simulate a well-defined ensemble.
Comparing configurations
Because ART algorithm follows a non-Hamiltonian trajectory, neither the momentum nor the angular momentum are conserved during an event. It is therefore necessary to prevent the protein from rotating on itself, introducing artificial displacement. Correcting the force to conserve both quantities is difficult and we elected instead to reposition regularly the center of mass and keep at every step the rmsd between configurations at a minimum. For this, we use the iterative procedure of Ferro and Hermans, 25 which requires only the diagonalization of a 3ϫ3 rotation matrix.
B. Protein model
The protein is modeled by a reduced off-lattice representation and an OPEP-like ͑optimized potential for efficient peptide-structure prediction͒ energy function. 20, 26 In this protein-folding model, each amino acid is represented by its N, H, C␣, C, O and one bead for its side chain of appropriate geometry with respect to the main chain. This coarse-grained model reproduces the experimental structure of the main chain exactly because the , dihedral angles can take any values.
The exact OPEP function, which includes solvent effects implicitly, was obtained by maximizing the energy of the native fold and an ensemble of non-native states for six training peptides with 10-38 residues. This energy model has been found to discriminate native from non-native conformations for a series of small proteins adopting a wide range of topologies. 19, 20, 26 In this work, we use a simplified formulation of OPEP energy E expressed by
This energy is a function of the weights wЈs of the following interactions: ͑i͒ quadratic terms for the bond lengths and bond angles of the complete system and improper dihedral angles for the side chains and the peptide bonds (E L ); ͑ii͒ backbone hydrogen bond energy (E HB1 ), ͑iii͒ pairwise contact energies between the ␣-carbons (E C␣,C␣ ) and the side chains (E SC,SC ), considering all 20 amino acid types, and ͑iv͒ excluded-volume potential of the main chain interactions (E M ,M ) and of side chain-main chain interactions (E SC,M ). All nonbonded interactions were truncated at 15 Å. Hence, the present potential lacks the cooperative multibody term for hydrogen bonds and side chain propensities of the 20 amino acids for ␣ R helix, ␤ strand and, ␣ L helix. These two terms are not considered because their analytic forms are not derivable yet. As a result, the energy model is not expected to discriminate native folds from non-native folds. This model is sufficient, however, to characterize the effectiveness of ART to navigate through rugged energy surfaces.
In this paper, we consider three small proteins with various secondary structure compositions. Prot-1 of sequence RAALKAAAEAALAR ͑14 residues͒ is expected to adopt a full ␣-helix in solution. 27 Prot-2 of sequence ͑A͒ 7 ͑G͒ 4 ͑A͒ 7 ͑G͒ 2 ͑A͒ 6 ͑26 residues͒ has not been characterized by nuclear magnetic resonance spectroscopy, but its amino acid fingerprint suggests the preference for a threestranded antiparallel ␤ sheet. 28 Finally, Prot-3 of sequence AQYTAKIKGRT-FRNEKELRDFIEKFKRA ͑28 residues͒ adopts a zinc finger conformation in solution, a ␤-hairpin ͑two strands connected by a loop͒ packed against a helix. Prot-3 ͑PDB entry 1FSD͒ was also chosen because it has been investigated by MD and MC simulations using various energy functions. 8, 19 C. A typical event Figure 1 shows ͑a͒ the total energy and ͑b͒ the rmsd as a function of iteration number for a generic single-event on Prot-3. Starting from a local minimum, we push the configuration in a random direction. This causes the configurational energy to increase rapidly, due to some contributions from the ''stiff'' directions ͓Fig. 1͑a͔͒. The rmsd remains small ͓Fig. 1͑b͔͒, however, indicating that the configuration is still in the original well. Leaving the harmonic well, the configuration is then pushed toward a saddle point. Although this constitutes an activation along one direction, the total energy decreases due to the relaxation in the 3NϪ1 hyperplane perpendicular to it. As we show in Sec. III, this trajectory remains inside the initial well. Finally, the configuration is slightly pushed on the other side of the saddle point, away from the initial minimum, causing a significant increase in the total energy, due again to a small displacement along stiff directions, which will be relaxed rapidly as the configuration is brought to a new minimum. A typical event, such as this one, requires about 10 000 force evaluations and takes 30 s on a single IBM Power4 processor.
III. RESULTS AND DISCUSSION
The quality of the sampling done with ART can be assessed by a number of measures. We first make sure that the events identified with this technique consist really of nearby minima separated by a single saddle point. While this has been shown for Lennard-Jones clusters, 16 the rugged energy landscape of proteins is much more challenging, with many nearby minima separated by low energy barriers. We must also ensure that ART-generated trajectories do not get trapped in basins ͑set of metastable conformations with a very similar geometry͒ or hyper-basins ͑set of basins with conformations of similar structure͒, preventing a complete exploration of the landscape.
A. Stability and reversibility of the trajectories
In order to reconstruct an activated trajectory through the energy landscape, the generated path must visit regions belonging to only two conformations, those of the initial and final local minima. The stability of ART paths can be assessed by counting the number of successful returns to the initial minimum from the saddle point. We verify this by placing the configuration at the saddle point and displacing it slightly, along the eigenvector associated with the negative eigenvalue, in both directions before relaxing the energy.
For a simple system, such as a small Lennard-Jones cluster, configurations at saddle points can relax back to their initial minima more than 99% of the time. Such a high percentage of reversible events is unlikely for proteins, characterized by a much more rugged energy landscape; there are many minima close by, separated by very low energy barriers. For a 1000-event ART run on Prot-2 at 300 K, we find that more than 90% of the configurations can be relaxed back to within 0.4 Å rmsd from their initial minima, starting at the saddle points and more than 83%, within 0.1 Å rmsd from their initial minima. Another 8% of events relaxed back to within 0.9 Å while the other 2% end up far away from the initial minimum. This result indicates that ART generates well-controlled trajectories and offers a realistic description of activated relaxation and diffusion mechanisms in proteins.
Ergodicity can be established, in principle, by verifying that it is possible to come back to the initial minimum starting from the final minimum. One could start from this second minimum and launch ART moves until the system goes back to the first minimum. While this is feasible for a lowdimensional system, such as the 13-atom Lennard-Jones cluster studied in Ref. 16 , this test is much more difficult to verify for proteins having a much larger number of degrees of freedom. We find that for small events, with an initial to final rms deviation of less than 1 Å, the reverse trajectory can be found within 200-500 ART events. As the number of accessible minima increases rapidly with the rms deviation, it becomes impossible to verify the reversibility of larger events. We have run several thousands of trials starting from a few events with initial to final rms deviation around 3 Å, but could not find the reverse trajectory. Nevertheless, results for small events and Lennard-Jones cluster suggest that the ART trajectory should be ergodic here.
B. Convergence of the simulations
We now turn to the overall sampling efficiency of the method for reasonably complex proteins. In particular, we verify that ART can converge to the same lowest-energy region independently of the starting conformation. Our goal in this work is not to locate the global minimum ͑the same lowest-energy minimum͒ for two reasons. First, it is well known that small proteins are in equilibrium between native and random coil conformations. As a result, their native structures are not profound global minima. Second, all proteins are flexible and vibrate about their mean structures with 1-2 Å rmsd from each other.
To this end, we run six simulations of Prot-2 at 600 K, starting either from different conformations or the same conformation using different random-number seeds. At this temperature, the METROPOLIS acceptance ratio is 40%, which is low enough to sample low-energy configurations while allowing paths crossing between hyper-basins, preventing the system from being trapped in some region of the configurational space. Results are presented in Table I . The lowestenergy conformations generated by the six simulations are superposed in Fig. 2 .
From a wide-range of initial configurations, all trajectories pass through the same low-energy basin for the 26-residue peptide within less than 2000 events. For the 6 configurations presented in Table I , the average rmsd to mean is 1.74 Å. The rmsd matrix between each pair of lowest-energy conformations is also given in Table II . We see that the rmsd never exceeds 3.3 Å. Taken together, these results show that   FIG. 2 . The lowest-energy conformations of Prot-2 generated by the six runs at 600 K are superposed. The picture was produced by using the MOLMOL software ͑Ref. 30͒. TABLE I. Study of the convergence to a low-energy state for six runs of Prot-2 at 600 K. The rmsd is computed for the lowest-energy configuration found during each simulation with respect to the lowest-energy configuration generated in run R6. Energies are in kcal/mol and rmsd in Å. The bottom indicates the total number of ART events required to reach the optimal minimum; this includes both accepted and rejected events. Run R1 was started from a misfolded compact state; R2 and R3 from a fully extended state using different random-number seeds; R4 and R6 from a modeled three-stranded antiparallel ␤-sheet consistent with experiment in Ref. 28 all runs have succeeded in ''thermalizing,'' visiting the same hyperbasins after starting from very different configurations. We compare these results with four 2500-event runs ͑S1-S4͒ at 300 K, starting from a fully extended state. At this temperature, the METROPOLIS acceptance ratio is 20%. The lowest energies are between Ϫ54.0 and Ϫ55.1 kcal/mol for the 4 runs. Two of these minima ͑S1 and S4͒ are within ϳ3.3 Å from the lowest-energy configuration of R1-R6. The two others never comes closer than 4.3 Å ͑S3͒ and 6.2 Å ͑S2͒. The smallest structural deviation between the lowestenergy conformation in R1 and the 4 trajectories in S1-S4 are 2.2, 5.3, 2.4, and 2.3 Å. Runs S1, S3, and S4 visit therefore a similar set of conformations to that sampled at 600 K, although more carefully and at a slower pace. In contrast, run S2 appears locked into a conformation of low energy. It is likely, however, that longer runs would escape from this conformation.
This pair of results shows that ͑1͒ at high temperature ͑600 K͒, ART rapidly samples a wide part of the configuration space, overlapping trajectories from very different initial states; ͑2͒ at lower temperature, sampling becomes more difficult but low-energy conformations can be found. The lowtemperature trajectories also overlap parts of the hightemperature generated paths, indicating that the same basins are seen at both temperatures.
C. Exploration of the energy landscape
Having established the properties of the sampling using ART, we now examine more closely the trajectories generated for each of the three peptides.
Prot-1 model: A helix
We ran six independent simulations at 300 K, starting from fully extended states. All simulations show qualitatively the same pathway. A typical ART pathway is presented in Fig. 3 . In Fig. 3 , all the event numbers refer to the accepted event numbers. The N-terminal extremity folds early, followed by the formation of a helical segment at the C-terminal end. At this point ͑event 74͒, the peptide explores two ␣-helices connected by a loop (␣-helical hairpin͒. After the loop is shortened, Prot-1 explores the same basin during 200 events, and reaches a low energy metastable conformation ͑event 228͒. Finally, in a single event, Prot-1 jumps from the ␣-helical hairpin to the full ␣-helix conformation. During this event, the energy drops from Ϫ168 to Ϫ173 kcal/mol and the corresponding rms deviation is 3.7 Å, a considerable move.
Although the trajectory is generated by ART using a coarse-grained force field, it is remarkable that the folding scenario described previously appears similar to those observed by electrostatically driven Monte Carlo simulations 31 and by molecular dynamics simulations for related peptides using all-atom force fields. 32 This similarity can be explained if the structure of the energy landscape for this peptide follows the small-world network as suggested by Doye. 33 If this were the case, the structure of the network of paths connecting the extended to the folded state would ensure that almost any sampling generate statistically similar routes.
Prot-2: A three-stranded antiparallel ␤ sheet
We repeat the same procedure with Prot-2, which is expected to fold to a three-stranded antiparallel ␤ sheet. We run six independent simulations at 600 K from various initial states, two from the ideal ␤ sheet and four from non-native states. The four runs, which start from a misfolded compact state ͑R1͒, fully extended state ͑R2 and R3͒, or partially folded state ͑R5͒, pass nearby the ideal ␤ sheet state. The smallest rms deviation between the generated and ideal ␤ sheet conformations is 2.9, 3.6, 3.7, and 3.1 Å in runs R1-R3 and R5, respectively. The corresponding event numbers are 1357, 680, 934, and 516. Figure 4 shows five sequential conformations in run R1, starting from a misfolded compact state. Because of the limits of the potential, the ideal ␤ sheet structure is not the global energy minimum. Although the trajectory passes nearby ͑configuration 534 is only 2.97 Å rmsd from this ideal state͒, it continues to evolve and sample different basins, finding significantly lower energy states-the lowest-energy conformation found by ART in this run is Ϫ52.7 kcal/mol, compared to Ϫ44.5 kcal/mol for the ideal ␤ sheet.
The characteristics of individual accepted events is shown in Fig. 5 , which plots the rmsd between consecutive minima connected by a saddle point. Only a small fraction, less than 10%, of the accepted events presents a rms deviation below 0.5 Å, corresponding to a jump to a configuration almost identical to the initial one. Large events, involving almost all atoms, with rms deviation between 1.0 and 4 Å, account for more than 35% of accepted events. The effect of these sizeable jumps can be seen in the top left graph in Fig.  6 , which shows the evolution of energy for the 1000 accepted ART events in R1. The trajectory visits consecutive basins separated by up to 18 kcal/mol. The trajectory can also be described by the rmsd matrix, the top right graph in Fig. 6 . The matrix indicates that the protein remains in a basin for periods varying between a few tens to a few hundred of events and then escapes in one or a very few steps. This is particularly striking around events 530 and 860. It is also interesting to compare the sampling as a function of temperature. The bottom two graphs in Fig. 6 plot the density map of the radius of gyration (R g ) vs the rmsd from the ideal ␤-sheet structure 28 at 600 ͑left͒ and 2000 K ͑right͒. R g , which measures the compactness, is 8.3 and 6.2 Å for the ideal and lowest-energy conformations, respectively. As shown in these two graphs, ART visits many different freeenergy basins. Comparing the two temperature runs, we see the same underlying structure around 6.2 Å rmsd where the lowest-energy conformation ͑rmsdϭ6.3 Å, Rgϭ6.2 Å͒ is located. Although ART finds this basin at both temperatures, the low temperature run allows a better sampling of lower energy configurations and of more expanded states. It could at first be surprising to observe that the protein remains rather compact (R g Ͻ8.0 Å͒ at high temperature. The present ART version can only visit local minima and does not incorporate entropic deformations. It is therefore unlikely to open fully the protein because the corresponding local minima are highly destabilized in the absence of conformational entropy.
These results provide a glimpse of the energy landscape of Prot-2. Although the energy landscape is very rugged, with each local minimum connected to a large number of saddle points, some reaction paths can still be very long, with displacements as big as 4 Å. Because of the stochasticity of thermal methods, such as molecular dynamics or local Monte Carlo, it is often hard to differentiate these long single events from a sequence of more local events. The rmsd matrix, the top right graph in Fig. 6 provides a clear demonstration that single activated moves displace the system from one basin to another.
Prot-3 model: A ␤-hairpin-␣ helix model
Finally, we present the results of a simulation for Prot-3, 28-residue peptide. Figure 7 shows five representative conformations generated in a 771-accepted event ART run at 600K starting from a misfolded compact state. All the event numbers refer to accepted event numbers. The five conformations deviate by 6.8, 7.3, 7.6, 6.2, and 6.2 Å from the experimental structure, respectively, and belong to distinct basins. As expected from the limitations of our energy model, the experimental structure is not the global minimum and is destabilized by 4 kcal/mol with respect to the conformation generated at event 137. Figure 8 shows conformational energy as a function of accepted conformations. Once again, we see that interbasin energy differences as high as 20 kcal/mol are crossed as the trajectory samples the free-energy landscape of the protein. It is interesting to note that the low energy conformations at events 110 and 640 belong to different basins and are distant by more than 6.7 Å rmsd.
In addition to providing folding trajectories, ART also identifies the saddle points. Although they do not influence directly the trajectory, since events are accepted depending on some function of the minimum-to-minimum energy difference ͑asymmetry energy͒, the height of activation-energy barriers indicates whether or not the corresponding events can be sampled dynamically. Figure 9 shows the energy distributions generated at two temperatures, 600 and 2000 K. We first look at the distribution of activation energies. It shows two dominant peaks with a maximum at 1 and 21 kcal/mol. The second peak is essentially a copy of the low energy peak with an additional 20 kcal/mol resulting from the cis isomerization of the peptide bond (ϭ0, 20 kcal/mol in the OPEP potential͒. These cis conformations relax out totally at the final minima or are rejected by the METROPOLIS criterion in the distribution of asymmetry energy. The activation energies associated with the first peak, extending up to about 5 kcal/mol, are dynamically plausible. It is striking that these two trajectories, run at a METROPOLIS temperature of 600 and 2000 K, respectively, and differing by an average energy of 10 kcal/mol ͑data not shown͒, point to nearly identical distribution of activation energies. This demonstrates that the local structure of the energy landscape is almost independent of the conformation. This is similar to what is found in bulk systems such as amorphous silicon and silica where relaxation mechanisms are essentially local. In these systems, the typical activated energy barrier is fixed by the cost of breaking a single covalent bond, irrespective of the complexity of the move. When many bonds are broken and created, the process is done in stages, with bonds being reformed before new ones are broken, this ensures that the energy barriers remains as low as possible for a given mechanisms. In spite of this convoluted transformation, the energy barrier is uniquely defined and no subevents identified. 18 Asymmetry energy distributions are also rather similar in range for both temperature runs, the main difference being a more symmetric peak at 2000 K. This is easily understood, since the high-temperature simulation samples higher energy surface, where the probability of finding a nearby minimum with a lower energy is almost equal to that of finding a higher-energy minimum, contrary to what we find at lower temperature.
IV. SUMMARY
The activation-relaxation technique is shown to be an efficient method for sampling the ͑free͒-energy landscape of FIG. 6 . ͑Color͒ Simulations of Prot-2 model. Top left: total energy as a function of accepted event number in run R1 at 600 K starting from a misfolded compact state. Top right: rmsd matrix between every pair of conformations in the 1000 accepted event R1 trajectory at 600 K. The number labeled beside the palette is the rmsd between two accepted conformations. Bottom: density map of radius gyration vs rmsd for 2500 conformations generated by run R1 at 600 K ͑left͒ and another run at 2000 K ͑right͒, starting from the same misfolded compact state. The rmsd is calculated with respect to the ideal ␤ sheet structure taken from Ref. 28. small proteins. ART events are reversible, generating realistic activated mechanisms responsible for the long-term dynamics of proteins.
Because moves are defined directly in the configurational space, ART is not sensitive to the height of the barrier or the complexity of the atomic rearrangements: single moves cross barriers between 0 and about 6 kcal/mol and generate rms deviations of up to 4 Å. ART repeatedly succeeded to pass near the lowest-energy state for the three peptides studied here, within less than 2000 trials, at a METROPOLIS temperature of 600 K, starting from extended or misfolded states.
We verified that ART can escape from hyper basins and avoid being trapped in local minima. Starting from a range of initial configurations, all ART trajectories for a 26-residue protein pass nearby each other, visiting the same basins and generating similar conformations. These results suggest that the sampling is ergodic, at least for these small peptides. Although single temperature METROPOLIS ART runs are sufficient to sample efficiently the energy landscape of small proteins, it is likely that we will need to consider more efficient Monte Carlo accept-reject algorithms, such as parallel tempering, for larger proteins as the barrier height between hyper-basins increases.
Interestingly, the average trajectory generated by ART for a peptide adopting ␣-helix conformation in solution follows closely that observed on similar peptides by molecular dynamics and other methods. 31, 32 The ART-generated trajectories of the second ␤-hairpin of protein G in isolation also resemble those observed by MD simulations ͑Ref. 34, manuscript in preparation͒. These could support recent observations that the structure of the energy landscape of molecules and clusters corresponds to a small-world and scale-free network. 33 Whether this remains valid for large proteins will have to be tested but this opens the door to a simpler, less computationally demanding solution to study protein folding paths. We emphasize that in order to make reliable predictions of folding kinetics, ART must be slightly modified and the energy barrier separating two consecutive minima must be controlled to reproduce experimental data.
Our simulation results also show that the energy of the barriers, typically less than 10 times room temperature, is low enough that they can all be accessed at room tempera- ture, if we do not take entropic effects into accounts. Moreover, the local structure of the free-energy landscape is almost independent of the energy of the local minimum emphasizing the fact that the energy barrier is associated with a single process independent of the event.
In addition to folding small proteins, we expect that ART can provide informations on a number of important biological problems. These include the study of protein flexibility around its native state with the movements of domains with respect to each other, 35 enzymatic catalysis with the characterization of the transition state, 36 and flexible protein-drug and protein-protein docking. While for some cases in drug design, the rigid body approximation of the protein is justified; for most cases, this assumption is not valid and large delocalized or localized rearrangements are frequent. 
